Introduction
The largest of the falcon species, the gyrfalcon (Falco rusticolus), has an extensive geographic distribution ranging from the High Arctic to the boreal forests of Canada, Russia and northern Europe (Potapov & Sale 2005; Johnson et al. 2007; Avibirds 2012) . The High-Arctic regions are characterized by cold, dry, harsh environments in remote locations, which has hampered extensive research related to the gyrfalcon in this particular environment. Of the little research that has been conducted, the most studied Greenlandic populations are found in the northwest (Thule), central west (Kangerlussuaq) and central east (Scoresbysund) (Johnson et al. 2007; Burnham et al. 2009; Burnham & Newton 2011) , whereas, to our knowledge, no specific research has been conducted on the gyrfalcon in north-east Greenland. At present, concern for the future of the gyrfalcon is growing as climate change threatens its existence by restricting its food source and increasing competition from the more aggressive peregrine falcon (Falco peregrinus; Johnson et al. 2007; and raven (Corvus corax; Sokolov et al. 2017) .
Here, we present the first pre-modern evidence of a gyrfalcon in north-east Greenland following a chance discovery in August 2015.
Abstract
Gyrfalcon (Falco rusticolus) is the largest falcon in the world. It inhabits a wide range of climate zones in the Northern Hemisphere, from boreal forests in the south of its range to the arid polar deserts of the High Arctic. In Greenland, because of the harsh, remote environments in which gyrfalcons live, research related to the contemporary and pre-modern periods has been limited to the north-west, central west and central east coasts, with no specific investigations being conducted for the north-east. Here, we report the first pre-modern record of a gyrfalcon in north-east Greenland, located at 80.4°N in Kronprins Christian Land. Skin tissue from a decaying gyrfalcon's body was radiocarbon dated to 769-944 CE (common era) using a terrestrial-only calibration curve, and 1182-1456 CE using a marine-only calibration curve. Since the gyrfalcon has a mixed terrestrial/marine diet, the actual age can be said to belong between these two groups. This limited data, therefore places the presence of the gyrfalcon in north-east Greenland during a period of prolonged elevated temperatures and climate stress associated with the Medieval Climate Anomaly. Whether the gyrfalcon was part of a larger population or a straggler, and whether the species survived the whole of the Medieval Climate Anomaly in north-east Greenland, is unknown.
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Methods

Site
The remains of a bird were discovered embedded in ice ( Fig. 1) at the back of a cave (location: 80.3772˚N, −21.7476˚W) in Kronprins Christian Land, north-east Greenland (Fig. 2) . The cave is formed in Ordovician-Silurian limestone and is located at an elevation of 510 m a.s.l., on the west wall of a 1-km-long north-south tributary valley of the larger Grottedalen valley. The cave is ca. 15 m in length and contains a 90° left-hand bend ca. 8 m from the entrance. The entrance is located in a cliff and measures ca. 6 m wide by ca. 5 m high, whilst the rear of the cave measures ca. 2 m wide by ca. 1 m high. The temperature at the rear of the cave was recorded as 2.8°C on 5 August 2015, using a Kestrel 4500 pocket weather meter. The nearest meteorological station is situated near the coast, ca. 205 km to the north-east at Station Nord (81. 605˚N, −16.684 ˚W) . The climate at the cave site is however expected to be more continental with warmer summers and colder winters than at Station Nord (Krinsley 1960; Bennike & Weidick 2001) . Limited meteorological measurements taken in the vicinity of the cave show the region to be semi-arid (<150 mm precipitation per year; Krinsley 1960) . In 1960, daily air temperature reached highs of 5°C in May, 13°C in June and 14°C in July (Krinsley 1960) . The cave is located ca. 45 km from marine water.
Bird remains were found in two separate parts of the cave: a torso, spine and skull were embedded in ice on the floor (Fig. 1c) , and wings and feathers were found ca. 0.5 m away in the hoar frost on the wall (Fig. 1d ). It is assumed that both finds belong to the same individual, but extensive investigations have not been conducted. Both remains were covered in what appeared to be green moss or mould. The remains smelled when prodded. Bones with attached skin tissue were collected from the remains in the floor for radiocarbon dating, whilst a feather and a loose tangle of down and small feathers were collected from the remains in the wall for use in identification (Fig. 3) . The bone and feather are archived at the Natural History Museum of Denmark, University of Copenhagen, with collection numbers Z.M.K. 54/2017 for the Natural History Museum of Denmark and KNK 3916 for the National Museum of Greenland.
Identification methods
Because of the limited amount of material, and difficulty in obtaining more, destructive identification methods were kept to a minimum.
A dichotomous key for identifying major skeletal elements of the bird, encompassing metrics and morphological diagnostic criteria (Bocheński & Tomek 2009) , was used to narrow the number of possible avian orders for specimen KNK 3916. The general appearance of the bones and feathers indicated early on that the specimen was raptorial, so the feather and bones were compared to modern medium-large raptorial Palaearctic and Nearctic species that have black and white feathers. This included the peregrine falcon, gyrfalcon, goshawk (Accipiter gentilis) and snowy owl (Bubo scandiacus). The cross-examination was undertaken relative to the reference collection at the Natural History Museum of Denmark and morphological characteristics described by Otto (1981) . Additionally, downy (plumulaceous) feather barbs were sampled for identification by microscopic examination (Dove & Koch 2010) . Microslides were prepared from one downy barb of the large feather and from several samples from the loose tangle of small feathers. Microscopic examination of sizes, shapes and pigmentation patterns of barbules on downy barbs reveals diagnostic characteristics that are specific to various taxonomic levels of birds and can be used to identify at least the family (Chandler 1916; Brom 1986; Dove & Koch 2010) . The microslides were investigated using a Leica light microscope at 100-400× magnification and compared to a large library of reference samples at the Norwegian University of Science and Technology University Museum. Photographs were taken with a Euromex CMEX-18Pro microscope camera using the ImageFocusAlpha software.
Radiocarbon dating
The bone sample (GD-20-2-Bone) was examined and cleaned in an ultra-sonic bath of distilled water for 15 min. Fragments of tissue (skin) were detected on the bone and picked for analysis. A piece of the skin and a fragment of the bone were checked for the C/N atomic mass ratio yielding values of 3.15 and 3.26, respectively. Only the tissue was analysed further (laboratory code ETH-64502). It underwent a treatment of acid-base-acid washes (Hajdas 2008) to remove potential contamination of carbonates and humic acids. The dry, clean tissue weighing 2.7 mg, which is equivalent to 1 mg of carbon, was weighed into tin cups for combustion in the Elemental Analyser and subsequent graphitization (Wacker et al. 2010 ). The resulting graphite was pressed into aluminium cathodes and the 14 C/ 12 C and 13 C/ 12 C ratios were measured using the Mini Carbon Dating System dedicated accelerator mass spectrometry facility of ETH Zurich (Synal et al. 2007 ). The radiocarbon age was calculated following the method described by Stuiver & Polach (1977) using the measured 14 C content after correction for standards, blank values and fractionation (d 13 C values were measured semi-simultaneously on graphite). The reported conventional age in years BP (before 1950 CE) was calibrated to a calendar age using OxCal version 4.2.4 (Ramsey & Lee 2013) and the IntCal13 atmospheric curve (Reimer et al. 2013) as well as the Marine13 curve (Reimer et al. 2013 ).
Results
Identification
Different lines of evidence were used to narrow down the pool of potential candidates. In the first instance, the shape and stiffness of the feather indicate that it originates from the lower arm (secondaries area) above the secondary coverts. Comparison of the cave feather with that of the male and female snowy owls and gyrfalcon feathers of different ages revealed that the feather most likely belonged to a gyrfalcon (Fig. 4) . Elimination of the snowy owl from the candidate pool was further confirmed through microscopic analysis of the downy feather barbs (Fig. 5 ). Both falcons and owls have long thin barbules with pigmented nodes all along their length, with long distances between nodes. These taxa differ in that falcons have small, expanded nodes all along the barbule, while owls have one to three widely expanded proximal nodes and almost non-distinct nodes located distally (Brom 1986; Dove & Koch 2010) . KNK 3916 is similar to reference samples of gyrfalcon in overall barb shape, as well as pigmentation pattern in barbules, node shape and distance between nodes.
Examination of the recovered bone (proximal part of a left scapula) in comparison to scapulae of similar sized raptors showed that KNK 3916 differed morphologically from Accipitridae and Strigiformes. In particular, the dichotomous key of Bocheński and Tomek (2009) showed that the KNK 3916 scapula conforms to: state 1, with a maximum articular length of between 9.00 and 35.0 mm; state 2, where the facies articularis humeralis is elongated, with its longer axis approximately aligned with the long axis of the shaft; state 7, with a maximum articular length between 11.0 and 27.0 mm and finally; state 8'(a), where the acromion forms only one apex, or 8'(b), where there are two apexes with the lateral apex reaching further cranially than the medial apex. The specimen KNK 3916 clearly has one broad apex indicating it belongs to state 8'(a), hence separating it from Strigiformes and most other raptors including Accipitridae that conform to state 8'(b) (Bocheński & Tomek 2009 ). In addition, seen from a cranial view, the scapula of Accipitridae has a curved acromion whereas the acromion of the KNK 3916 has a plump, broad rectangular shape indicating it belongs to the genus Falco. Accipitridae and Strigiformes were thus eliminated from the candidate species and the Arctic falcon species of peregrine and gyrfalcon were considered further. Regarding the size, the recovered scapula conformed to that of both the male gyrfalcon and female peregrine falcon (Fig. 6, Table 1 ). Based on size alone, it is therefore not possible to reliably distinguish one species from another. The differences were, however, resolved by considering the dorsal view, which shows that the acromion differed in shape between the two falcon species. Specifically, for modern gyrfalcons and peregrine falcons of the same greatest cranial diagonal measurement, the gyrfalcon is more robust, with stronger muscle attachments, than the peregrine falcon. In this regard, KNK 3916 conforms to the gyrfalcon. Several lines of evidence including feather appearance, microscopic examination of barbs and the acromion shape of the scapula thus support the identification as a gyrfalcon.
Radiocarbon age
Radiocarbon dating of tissue (ETH-64502) found on the bone yielded a conventional 14 C age of 1184 ± 26 yr BP (Table 2) . Following calibration using the IntCal13 atmospheric curve (Ramsey & Lee 2013; Reimer et al. 2013 ), a calendar age of 769-944 CE (1181-1006 yr BP) at the 95.4% confidence interval was obtained ( Table 2 , Fig. 7) . A terrestrial-only radiocarbon curve is, however, unlikely to be suitable as Greenlandic gyrfalcons have been found to spend extended periods of time at sea (Burnham & Newton 2011) . In west Greenland, the summer diet of gyrfalcon comprises mostly of rock ptarmigan (Lagopus mutus) and Arctic hare (Lepus arcticus), with smaller quantities of passerines, waterfowl, Arctic fox pups (Alopex lagopus), shorebirds, gulls, alcids and falcons (Booms & Fuller 2003) . The exact proportion of terrestrial to marine-based food in the gyrfalcon diet is not known and changes depending on regional availability, migration routes and winter home-range (Nielson & Cade 1990 ). Burnham & Newton (2011) showed that falcons from the east coast of Greenland had an average winter home-range size of 48 380 km 2 , compared to just 2595 km 2 on the west coast. The east coast falcons therefore spent a much longer time at sea, far from land, in areas of sea ice or along the ice edge. Since the ratio of terrestrial to marine-based diet is not known, the conventional 14 C age has also been calibrated based on the Marine13 model (Reimer et al. 2013 ) yielding a calendar age of 1182-1456 CE (768-494 yr BP) at the 95.4% confidence level (Fig. 8) . 
Discussion
The gyrfalcon is well-distributed throughout the circumpolar region, where it is known to nest on small ledges overhung by rock and in small caves (Burnham et al. 2009 ). The discovery of gyrfalcon remains in a cave in north-east Greenland is therefore not surprising. Caves used for breeding are often much smaller than the one discovered in this study; so, this location was more likely to have been a well-protected roosting location or may have been used for storage by a predator such as a fox. In the recent geological past, the bird had an even wider range of spread including most of southern Europe (Jánossy 1972; Mourer-Chauviré 1975) . The earliest dated gyrfalcon (to our knowledge) was dated to ca. 11 050 BCE (13 000 yr BP) along the River Rhône between Geneva and Lyon (Debrosse & Mourer-Chauviré 1973 , cited by Potapov & Sale 2005 , without calibration details). In North America, remains of the gyrfalcon were found in an archaeological site in Yukon that was dated to 2630 BCE-1760 CE (4580 to 190 yr BP), though the gyrfalcon remains themselves were not dated and calibration details were not given (Dove et al. 2005) . In Greenland, research into the continuous use of nesting sites over multiple generations yielded several dates for both guano and feathers between 950 CE (1000 yr BP) and 810-410 BCE (2760-2360 yr BP) (Burnham et al. 2009 ). These dates were all produced from the Kangerlussuaq area in central-west Greenland. Samples from Thule in north-west Greenland were either dated to ca. 1280-1400 CE (670-550 yr BP) or were outside the calibration range (Burnham et al. 2009 ). Gyrfalcons are currently widespread throughout north-east Greenland (Boertmann 1994) , but, to our knowledge, there is no record of gyrfalcons from this region before the modern era until the discovery presented here. Despite intensive archaeological activity in north Greenland between 1947 and 1995, no gyrfalcon remains were found among the hundreds of bird remains identified at the 137 explored sites (51 sites from ca. 2460-1860 BCE, 23 sites from ca. 900-400 BCE and 63 sites from ca. 1400 to 1500 CE; Grønnow & Jensen 2003) . (Reimer et al. 2013) . The marine reservoir correction is based on the weighted mean of the regional data from the marine database www.calib.org/marine (Håkansson 1975; Tauber & Funder 1975; Funder 1982; McNeely et al. 2006 Elsewhere in Greenland, gyrfalcon remains from archaeological sites are scarce (Table 3) . From among more than 60 000 bird remains in a stratum dated to ca. 1310-810 BCE, the oldest and hitherto northernmost record of the species is from Nipisat (Fig. 2) (and no bone was found in older strata dated 2020-1325 BCE [Gotfredsen & Møbjerg 2004; C. Andreasen, pers. comm. 2019]) . Notably, three out of five sites providing gyrfalcon bones were either Norse or Colonial, whereas numerous Inuit and pre-Inuit sites excavated over the last century are almost devoid of gyrfalcon remains, as seen in the case of Illorpaat (Fig. 2) , in the Nuuk area, which produced one gyrfalcon bone out of 40 000 alcid bones (Møhl 1997) . This discrepancy may very well be due to cultural differences and not to climatically or environmentally driven forces. Calibration of the conventional 14 C age using a 100% marine model has the effect of shifting the age to younger values (1182-1456 CE) as compared to the terrestrial-only calibration (769-944 CE). The true age is likely to be somewhere in between, as the gyrfalcon would be unlikely to have had a 100% terrestrial or 100% marine diet. Between 830 and 1100 CE temperatures were generally elevated throughout the Northern Hemisphere above the late 20th century baseline (Pages 2k Consortium 2013). This period of relative warmth, known as the MCA (Lamb 1965) , extended in the Arctic to both earlier (ca. 600-760 CE; Patterson et al. 2010 ) and later dates (ca. 1300 CE; Patterson et al. 2010; Pages 2k Consortium 2013) . Often it is considered that these warmer temperatures and a lack of sea ice enabled the settlement of Iceland (Lamb 1977 (Lamb , 1995 between 865 and 930 CE (Karlsson 2000) .
Climate records for the MCA from north-east Greenland are sparse, and completely absent from the cave location. A 425-m long ice core drilled from the Flade Isblink ice cap (81.2926˚N, −15.7029˚W; Fig. 2 ; Lemark 2010) , 150 km to the north-east, provides the closest palaeoclimate record during this time to our field site. Since the chronology of the record is preliminary, we do not put too much emphasis on the absolute timing, but rather note an increase in both the amount of melt and d 18 O values between ca. 875 and 1200 CE (Lemark 2010) , which would suggest that north-east Greenland also experienced elevated temperatures during the MCA. Interestingly, melting during the MCA appears to have been close to 100% and therefore much higher than the ca. 45% melting for the year 2000 CE. In comparison, d 18 O values during the period of enhanced melting between 875 and 1200 CE are more enriched at the start of this period compared to the year 2000 CE but drop to more depleted values from ca. 950 CE onwards.
With limited results and the discovery of only one gyrfalcon, which is a species that is known to migrate relatively long distances, detailed conclusions regarding either the climate or the historical breeding status of the species in this region are not possible at this stage. However, the situation of the partial decay of the body and its entombment within ice offers possibilities to understand the ice dynamics within the cave. Presumably, the bird did not inhabit the cave during a period when a thick wall of ice was present as it is today. The warmer temperatures of the MCA were therefore likely high enough to prevent extensive ice development within the cave. Following the death of the bird, the climate then cooled enough for ice to form in the cave, halting or reducing the speed of its decomposition. Such a hypothesis is supported by data from the Pages 2k Consortium (2013), which shows a general cooling in the Arctic from ca. 1200 CE to the end of the 19th century. Alternatively, warming of the karst rock above may have allowed water to infiltrate the subsurface and then freeze to ice, enclosing the bird. Both hypotheses require that the mean air temperature of the cave was below 0°C when the ice was formed. Under the current warming trend, the ice deposits within these caves and the preservation of the bird may be at risk. Loss of such potentially very valuable faunal materials seems to be an increasing trend from ice-preserved sites on a global scale (Rosvold 2018) .
Conclusion
The documented presence of a gyrfalcon in the High-Arctic region of Kronprins Christian land, north-east Table 3 Gyrfalcon remains from archaeological sites in Greenland. Gyrfalcon remains reported by McGovern (1985:115, 119 ) from V 48, analytical unit III, upper layers and V 54, room IV could not be found during re-examination of the bone material and were therefore omitted in the present survey.
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